Following damage to the human post-geniculate visual pathway retrograde trans-synaptic degeneration of the optic nerve fibres occurs. It has been known for some time from investigations carried out in primates that a decline in the number of retinal ganglion cells follows occipital lobectomy. However, this is not detectable in all species studied and whether this occurs in humans was controversial until recent studies that have shown that following lesions of the occipital lobe, the retinal nerve fibre layer thickness measured by optical coherence tomography is reduced and corresponding shrinkage of the optic tract can be demonstrated by magnetic resonance imaging. The time course of the degeneration in humans is, however, unknown. In the present study, we have used optical coherence tomography to demonstrate for the first time progressive thinning of the retinal nerve fibre layer following occipital lobe/optic radiation damage due to stroke. First, in a group of 38 patients the measurement was taken on a single occasion at a known time interval since the stroke, ranging from 6 days to 67 years. Here, a negative straight line relationship (linear regression r = 0.54, P 5 0.001) was found between nerve fibre layer thickness and elapsed time since injury in log years, giving a rate of decline of 9.08 mm per log year after adjusting for age. This indicates a decelerating rate of loss that differs from the rate of decline found with chronological age in this same group, which shows a steady rate of thinning by 0.4 mm per year (P = 0.006) after adjusting for duration of the disease. In a second study serial measurements were taken following the acute event in a group of seven patients with homonymous hemianopia; here a negative straight line relationship was found between time and nerve fibre layer thickness in micrometres over a period of data collection beginning at a mean of 36.9 days post-stroke (range 5-112) and ending at a mean of 426.6 days post-stroke (range 170-917). Evidence from clinical observation (funduscopy) suggested that retrograde trans-synaptic degeneration occurred in humans only where the damage to the post-geniculate pathway occurred prenatally. The results reported herein add weight to the previous demonstration that this type of degeneration does indeed occur in the human visual system by showing that it can be monitored over time and hence may provide a model for trans-synaptic degeneration in the human central nervous system.
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Introduction
Retrograde trans-synaptic degeneration of neurons, also known as trans-neuronal degeneration, occurs following damage to the human CNS. Evidence from clinical observation had suggested that retrograde trans-synaptic degeneration of neurons of retinal ganglion cells and their axons in the optic nerve and the optic tract occurred only following prenatal (not post-natal) acquired damage to the visual pathway posterior to the lateral geniculate nucleus (Miller et al., 1995) . Recent studies, however, have demonstrated thinning of the retinal nerve fibre layer using optical coherence tomography (Jindahra et al., 2009) and of the optic tract using MRI following acquired unilateral occipital damage in humans (Bridge et al., 2011; Cowey et al., 2011) . These findings confirm the occurrence of retrograde trans-synaptic degeneration of neurons in the human visual pathway. Degeneration of an axon in the direction of its terminal following direct injury is classified as anterograde degeneration, whereas retrograde degeneration proceeds towards the cell body (Coleman et al., 2005; Saxena et al., 2007) . Anterograde degeneration was first described by Augustus Waller (1850) and is also termed Wallerian degeneration. The pathological process in Wallerian degeneration has been the subject of extensive investigation (Danek et al., 1990; Savoiardo et al., 1992; Fitzek et al., 2004) . The time course of both Wallerian and retrograde degeneration has been studied, using for example, microglial responses after axotomy in the spinal cord of the rat. Wallerian and retrograde degeneration have been shown to occur simultaneously within days (Koshinaga et al., 1995) . In humans, MRI studies have demonstrated both retrograde and Wallerian degeneration at 4 months following infarction of the internal capsule as a short band of increased T 2 -weighted signal ascending to the precentral gyrus and another longer band descending to the brainstem (Danek et al., 1990) , but no imaging studies of earlier changes have been published. Retrograde trans-synaptic degeneration of neurons has been identified histopathologically in the immature human CNS following hypoxic damage (Sakai et al., 1994) . Post-mortem histopathological studies of the brains of premature infants revealed retrograde trans-synaptic degeneration of neurons in the olivocerebellar pathway; a cerebellar lesion resulted in neuronal loss in the inferior olive as evidenced by decreased neurofilament staining of axonal fibres, by axonal swelling and by astrogliosis. Axonal swelling is a feature of retrograde trans-synaptic degeneration of neurons shown in studies in human brain. It is associated with axonal transport interruption, which occurs prior to axonal separation (Povlishock et al., 1983; Sakai et al., 1994) . In the visual pathway a retrogeniculate lesion may be expected to give rise to retrograde degeneration of the geniculo-cortical neurons damaged directly, which will be followed by retrograde trans-synaptic degeneration of neurons of retinal ganglion cell axons. This has been identified post-mortem in primate retina following occipital lobectomy; the number of retinal ganglion cells in the region of the retina corresponding to the visual field representation of the damaged cortex was found to be massively reduced (Cowey, 1974; Johnson et al., 2000) . In addition, anterograde degeneration may be expected of the geniculo-cortical fibres. In humans, retrograde trans-synaptic degeneration of neurons of the visual pathway has now been identified by post-mortem examination of one case of occipital damage occurring early in life (Beatty et al., 1982) , clinical examination (in congenital cases; Hoyt et al., 1972) , electroretinography (Porrello et al., 1999) , optical coherence tomography (Jindahra et al., 2009) , and MRI scan (Bridge et al., 2011; Cowey et al., 2011) . Optical coherence tomography has been especially valuable since the thinning of the retinal nerve fibre layer has been shown to correspond to the known trajectories of the crossed and uncrossed projections arising in the nasal and temporal hemiretinae, respectively (Jindahra et al., 2009) . Our previous study showed that retinal changes can be detected as early as 3.6 months following damage to the occipital lobe (Jindahra et al., 2009) . However, the precise time course of the process is unknown. The present study was carried out to address this issue, which is of fundamental importance to the understanding of the pathological process in humans; of how it might relate to animal studies of retrograde trans-synaptic degeneration of neurons; and for the design of treatment strategies to prevent this class of neurodegeneration occurring following damage to the visual pathway and other regions of the brain.
Patients and methods
This study was divided into two parts. In the first part (the cross-sectional study), we investigated the relationship between duration of disease and the peripapillary retinal nerve fibre layer thickness. The second part comprised a longitudinal study.
Cross-sectional study
Thirty-eight patients with acquired homonymous hemianopia were recruited. All subjects had thorough neurological and ophthalmic examinations including intraocular pressure measurement. In each case it was confirmed that the hemianopia was the consequence of a single retrogeniculate lesion, which was identified by appropriate neuro-imaging. There was no imaging evidence of optic tract damage in any of these patients. Duration of the visual field defect ranged from 6 days to 67 years (mean 7.71 years). Age in the hemianopic group ranged from 17-83 years (mean 59.92 years). Twentythree control subjects were recruited. Age in the control group ranged from 23-61 years (mean 43 years). Exclusion criteria included evidence of more than one occipital lesion and evidence of any ophthalmic disorder such as retinopathy, glaucoma and high myopia ( À6.00 diopters or more).
The peripapillary retinal nerve fibre layer thickness was measured by optical coherence tomography (Stratus OCT, software version 4.0.1; Carl Zeiss Meditec, Inc.) on a single occasion. A 3.4 mm diameter circular fast retinal nerve fibre layer thickness protocol was employed. The strength of signal was at least 7. We evaluated the retinal nerve fibre layer thickness in both eyes of each subject and took the mean for further statistical analysis. The aim of this part of the study was to ascertain the relationship between retinal nerve fibre layer thickness and the time elapsed since the occipital damage.
Longitudinal study
In the second part of the study, 11 patients were recruited, seven with homonymous hemianopia and four with smaller homonymous visual field defects. All cases had occipital cerebral infarction as the cause of the post-geniculate damage except for Case 4 (optic radiation haemorrhage) and Case 7 (lateral geniculate nucleus infarction). All subjects had thorough neurological and ophthalmic examinations including intraocular pressure measurement. Exclusion criteria were as for the first (cross-sectional) part of the study.
Peripapillary retinal nerve fibre layer thickness was measured by optical coherence tomography in each case as soon as possible after the onset of stroke and on several occasions thereafter. We evaluated the retinal nerve fibre layer thickness in both eyes of each subject and took the mean for further statistical analysis. A minimum of three measurements was made. The initial measurement was taken at a time interval ranging from 5-112 days post-stroke and the last at an interval ranging from 170-917 days post-stroke. The aim of this part of the study was to determine the time course of retinal nerve fibre layer thinning in individual cases. The retinal nerve fibre layer measurements were carried out by a single operator (P.J.) who has been shown to have a high reproducibility of measurements (data not shown).
All participants gave their informed consent and the study was approved by the ethics committee of the National Hospital for Neurology and Neurosurgery.
Statistical analysis
In the first part, multivariable linear regression analysis was performed to evaluate the relationship between the mean peripapillary retinal nerve fibre layer thickness (in mm) of both eyes and log elapsed time in years, with linear age in years as a covariate since it is known that the retinal nerve fibre layer thickness declines with age. The logarithm of elapsed time was shown to provide a better fit to the data than a linear or square root relationship. In the second part, univariable linear regression analysis was used to investigate the relationship between retinal nerve fibre layer thickness (mm) and time elapsed in days after the onset of the stroke. This was carried out separately for each individual in each of the two groups, those with large and those with small visual field defects. A multilevel random effects analysis was used to estimate the overall slope for each group. The assumptions underlying the univariable and multivariable regression analyses were checked by a study of the residuals and found to be satisfied. A Mann-Whitney U-test was used to compare the distribution of the slopes in the two groups of cases as there were only three patients in one group. A significance level of 0.05 was used throughout. IBM SPSS v 18.0 (www.spss.com) and Stata version 11 (StataCorp LP, www.stata.com/products) were used to analyse the data.
Results

Cross-sectional study
To investigate the effect of elapsed time since the injury on the thickness after adjusting for age of the patient, a multivariable linear regression analysis was performed with linear age and log elapsed time as covariates. This showed that, after adjusting for the effect of age, elapsed time in log years had a significant effect on mean thickness with the mean thickness decreasing on average by 9.08 mm per log year [95% confidence interval (CI) 5.00-13.16; P 5 0.001]. Chronological age also had a significant effect on mean thickness, after adjusting for elapsed time since the stroke, with mean retinal nerve fibre layer thickness decreasing on average by 0.40 mm as age increased by 1 year (95% CI 0.12 to 0.68; P = 0.006) ( Fig. 1 and Table 1 ). For the control group, a linear regression was calculated with age as an independent factor and the mean of retinal nerve fibre layer thickness of both eyes as a dependent variable. The mean retinal nerve fibre layer thickness declined by 0.11 mm (95% CI 0.45-0.2) as age increased by 1 year in the control group (P = 0.5) (Fig. 2 and Table 1 ). Our control group had insufficient sample size to reach statistical significance but the trend was of a similar order to results obtained in other studies of the relationship between age and retinal nerve fibre layer thickness, which has been shown to decrease in healthy adults by 0.2-0.3 mm with each year of age (Budenz et al., 2007; Barboni et al., 2011) .
Longitudinal study
A total of 82 measurements from 11 patients were analysed using a univariable linear regression analysis for each patient, with mean retinal nerve fibre layer thickness of both eyes (mm) as the outcome variable and elapsed time (days after stroke) as the explanatory variable. The results are shown for two groups: those with large visual field defects (Figs 3 and 4; Table 2 ) and those with small visual field defects (Figs 5-7; Table 3 ). All hemianopia cases showed a decreasing trend during the period of measurement. All cases with larger visual field defects had a negative slope, Figure 1 Multiple linear regression analysis between the retinal nerve fibre layer thickness, duration and age in patients with homonymous hemianopia. The 3D plot shows the negative linear relationships between retinal nerve fibre layer thickness (RNFL; mm; mean of both eyes; z-axis) and both elapsed time since the stroke (log years; x-axis), and chronological age at the time the measurement was taken (years; y-axis) in patients with homonymous hemianopia. There is a straight line relationship with the log of the number of years since the stroke and with a linear plot of chronological age. The relationship is described by the equation: Retinal nerve fibre layer thickness (mm) = 110.3 À (9.08) (elapsed time in log years) À (0.4) (age at measurement in years). n = 38, r = 0.54, P 5 0.001. although only four out of the seven cases had slopes that were statistically significantly different from zero. In the four cases with significant regression coefficients, the initial measurements were made within a month of stroke onset and none showed macular sparing. The third case, who did not exhibit a significant linear relationship, had macular sparing and an improving visual field. The range of the rate of reduction of the retinal nerve fibre layer thickness was from 0.9-6.3 mm for every 100 days of elapsed time.
None of the cases with small visual field defects exhibited a relationship between retinal nerve fibre layer thickness and time elapsed that reached statistical significance, with two cases having positive associations and two having negative associations. One case in this group did exhibit a greater rate of change than the other cases (2.1 mm/100 days). This case had a lesion involving the lateral geniculate nucleus (Fig. 5) whereas the others had lesions of the occipital lobe (Table 2) and it was impossible to exclude damage to the optic tract, which would give rise to direct retrograde degeneration. However, even this was a trend that did not reach statistical significance. A multilevel random effects linear regression analysis of retinal nerve fibre layer thickness on elapsed time (days) estimated the median slope as À 0.017 (maximum À 0.063, minimum À 0.009) for the homonymous hemianopia group and 0.002 (maximum 0.008, minimum À 0.003) for the small visual field defect group. The median slope of the homonymous hemianopia group was significantly different from zero (P 5 0.001) whereas the median slope of the small visual field defect group was not significantly different from zero (P = 0.2). Furthermore, a Mann-Whitney U-test indicated that there was a significant difference in the distribution of the slopes (mm/day post-stroke) between large and small post-geniculate lesions (P = 0.016). The patient with lateral geniculate nucleus infarction was excluded in this last analysis.
Discussion
A negative linear relationship between the retinal nerve fibre layer thickness and elapsed time since the stroke in log years was established in the present cross-sectional study for patients with complete or near complete homonymous hemianopia. Thinning of the retinal nerve fibre layer of all cases with homonymous hemianopia can be seen to have developed in the first few months following injury to the post-geniculate visual pathway. The degeneration was progressive in the first few years, becoming relatively stable or evolving slowly in later years. An effect of age on the retinal nerve fibre layer thickness is well established in the normal population; therefore, a multivariable linear regression was performed for two factors, namely, elapsed time in log years and age at the time of measurement. An equation was derived from the relationship as follows:
Mean retinal nerve fibre layer thickness ðmmÞ ¼ 110:3 À ð9:08Þ (elapsed time in log years) À ð0:4Þ (age at the time of measurement)
After adjusting for age, the retinal nerve fibre layer change was 9.08 mm for each log year. For instance, the mean retinal nerve fibre layer thickness of the two eyes would be 110.3 À (9.08) (1) À (0.4) (60) = 77.2 mm at the end of 10 years in a patient whose stroke occurred at age 50. After a further 10 years, the mean retinal nerve fibre layer thickness would be 110.3 À (9.08) (1.3) À (0.4) (70) = 70.5 mm. Figure 8 shows further examples. It is noteworthy that the baseline retinal nerve fibre layer thickness is diverse in the normal population: there are confounding factors apart from age such as refractive error and ethnicity (Budenz et al., 2007) . However, the equation has given an overall picture of the degeneration and has shown in this example that the rate of retinal nerve fibre layer thinning is strikingly high in the first few years after the stroke before becoming relatively slow. The change in the second decade after the stroke is 0.67 mm/year, which is slightly higher than the effect of increasing age alone. When measuring the retinal nerve fibre layer on several occasions after the stroke over time in the longitudinal study, the rate of degeneration seemed to be high in the first 1-2 years. The findings were compatible with the results obtained in the crosssectional study. The rate of degeneration for each patient with homonymous hemianopia appeared linear with varying slope and the mean slope would indicate a loss of 4.4 mm in the first year, which is 10 times the attrition rate resulting from ageing and within the confidence limits of Equation (1). In the homonymous hemianopia group, patients showing less retinal nerve fibre layer thinning in the first few years after the stroke tended to show greater visual recovery. The rate of retrograde trans-synaptic degeneration of neurons in our study had a trend that is similar to results from adult old world monkeys: Cowey et al. (1999) have recently demonstrated that the rate of retrograde trans-synaptic degeneration of neurons developed within the first few years after unilateral striatal decortication, becoming stable 4 years thereafter. The authors have recently published a larger data set comparing both retinal ganglion cell numbers and optic tract thickness in 26 monkeys at survival times ranging from 0.28 to 14.29 years postoccipital lobectomy (Cowey et al., 2011) .
Patients with small field defects from the occipital lesions had stable results. The explanation for the stable result in the small defect group may be that the optical coherence tomography methodology is not sensitive enough to detect changes of this magnitude. It is possible that thinning could be demonstrated using a technique that could measure the retinal ganglion cell layer thickness across the retina, rather than the projection of the retinal ganglion cell axons in the peripapillary retinal nerve fibre layer, as it would be possible to compare the affected and unaffected regions of the retina directly. An alternative and scientifically more intriguing possibility is that healthy neurons subserving surviving regions of the visual field at one or more level in the visual pathway may provide a protective mechanism. The results do indicate that the size of the lesion plays an important role in determining the magnitude of the retrograde trans-synaptic degeneration of neurons. However, the patient who had a small field defect from a lateral geniculate nucleus lesion, showed the most retinal nerve fibre layer regression among patients in the small defect group. The slope of the regression line was comparable to that of the homonymous hemianopia group but did not reach the level of statistical significance. This implies that a strategic lesion can have an important influence on the retrograde trans-synaptic degeneration of neurons outcome independently of the lesion size.
Conclusion
It is now well established that retrograde trans-synaptic degeneration occurs in the human visual system following damage to the Figure 7 Mean peripapillary retinal nerve fibre layer thickness (RNFL) of both eyes over time after stroke in patients with small visual field defects. Plot shows the relationships between the retinal nerve fibre layer thickness and elapsed time since the stroke in patients with minor field defects. Figure 8 Prediction of mean retinal nerve fibre layer thickness (RNFL) of both eyes in a patient with homonymous hemianopia from unilateral occipital stroke at age 50 years. The graph was derived from calculations using Equation (1). occipital lobe; it has been demonstrated in an autopsy study (Beatty et al., 1992) and in life by optical coherence tomography imaging of the retina and MRI of the optic tract. In this study, the time course of the degeneration has been demonstrated using optical coherence tomography measurements of the retinal nerve fibre layer thickness. In cases of homonymous hemianopia the thinning of the retinal nerve fibre layer occurs at a rate that is maximal in the first few years after the occipital injury, followed by a much slower rate in ensuing years. This time course is similar to the pattern that has been demonstrated in primates following occipital lobectomy. In cases of smaller visual field defects no thinning of the retinal nerve fibre layer could be demonstrated except in a case in which damage to the optic tract (and therefore direct retrograde degeneration) is likely to have occurred. Whether the failure to detect thinning in such cases is due to lack of sensitivity of the technique or to a protective effect of the surviving regions of the visual field is not known.
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